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ABSTRACT 
Injury to immature maize seed caused by early season frost is of great 
economic concern to seed producers. Surprisingly, there has been very little 
research investigating the adverse effects of freezing on immature seed and the 
resulting biochemical changes in seedlings germinated from freeze damaged 
seed. In this three part study, we investigated the effects of freezing injury, first 
as they pertained to the overall viability of the seed, then to how exposure of 
immature seed to freezing induces biochemical changes in seedlings germinated 
from these seed. We found that the extent of freezing injury as determined by 
reduced viability and observed cellular damage was significantly influenced by 
the physiological maturity of the seed at time of exposure and by the duration of 
exposure. 
We found that several changes in gene expression occurred in seedlings 
germinated from freeze-damaged seed. First, three day old seedlings germinated 
from freeze-damaged seed had elevated rates of cellular respiration which 
correlated with depleted levels of maize peroxysomal catalase isozyme 1 
(CATl). Six day old seedlings also had greater rates of respiration and showed 
a strong induction of mitochondrial catalase isozyme 3 (CAT3) in response to 
freezing stress. CATS expression was not only increased by freezing, but 
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expression was found in roots where it had previously not been detected in 
seedlings germinated from seed which had not been exposed to freezing stress. 
A second change in gene expression in seedlings germinated from freeze-
damaged seed was the differential expression of dehydrin antibody recognized 
proteins (DARP's). DARP's were present in ungerminated embryos and in 
three day old seedlings. In imgerminated embryos, expression of a DARP of 
approximately 56 kDa was not affected by freeze exposure but did increase 
with physiological maturity of the seed. In three day old seedlings, a DARP of 
approximately 56 kDa was differentially expressed in seedlings germinated 
from seed exposed to freezing while another DARP of approximately 36 kDa 
was expressed in all seedlings. Expression of the 56 kDa DARP in three day old 
seedlings was Hmited to seedlings germinated from seed harvested at 45% and 
35% moisture. In seedlings germinated from seed harvested at 45% moisture, 
expression occurred in seedlings germinated from seed exposed to either 6h or 
24h of freezing while in seedlings germinated from seed harvested at 35% 
moisture, expression was limited to seedlings germinated from seed exposed to 
24h of freezing. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation will first provide a brief overview pertaining to the 
formation of ice in plants, the subsequent physical and biochemical changes 
induced by ice formation, and plant responses to freezing. Following the 
background will be three manuscripts detailing experimental proceedings 
describing physiological and biochemical changes induced in maize seedlings 
germinated from seed exposed to various levels of freezing stress. Each 
manuscript will provide a more specific literature review as it pertains to the 
content and direction of the experiments contained therein. Following the 
manuscripts will be an overall smnmary relating the findings of the three 
projects. 
Overview of Plants and Freezing 
Ice formation 
Freezing of plant tissues involves changes in the location and physical 
state of indigenous water. These changes are influenced by the rate of freezing 
and thawing and by the type of tissue involved. These factors also largely 
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determine if the formation of ice is extracellular (in the extracellular spaces 
only) or intracellular (within the cytoplasm) (Steponkus, 1984). 
Mazur (1969) outlined the following events leading to the formation of 
ice in plant tissues. Initially, both the cells and their external medium supercool 
followed by partial ice formation in the extracellular spaces. Ice nucleation can 
be detected by a brief rise in temperature resulting from the release of latent 
heat. The cell membrane is able to preclude ice from seeding in the cytoplasm 
at temperatures of roughly -10°C. Over this range, the cytoplasm is in a 
supercooled, liquid state. This is thought to be possible because these ice 
crystals are small enough to pass through channels in the cell membrane and 
have melting points of well below 0°C. As the temperature continues to fall, a 
larger fraction of the extracellular water freezes which results in a decrease in 
aqueous vapor pressure and an increase in solute concentration in the 
extracellular space. The aqueous vapor pressure in the supercooled cytoplasm 
exceeds that of the extracellular space resulting in the migration of intracellular 
water into the extracellular space. Subsequent freezing of the migrated water 
perpetuates the process, which continues to dehydrate the cytoplasm. Because 
freezing moves ceUular water outside the cell, both freezing and drought are 
similarly dehydrative stresses. If the plasma membrane is sufficiently 
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permeable and/or the rate of cooling is sufficiently slow, the cell will dehydrate 
to where intracellular and extracellular aqueous vapor pressures are in 
equilibrium and intracellular ice will not form. However, if the plasma 
membrane is not sufficiently permeable or the cell is cooled too rapidly, the 
cytoplasm will continue to supercool until it equilibrates v^th the extracellular 
space by the formation of intracellular ice. Ultimately, the mode by which 
equilibrium is achieved is largely a consequence of the fimction and stabihty of 
the plasma membrane. Below a certain temperature known as the eutectic point, 
all free water in the intracellular and extracellular spaces will be converted to 
ice. 
The proceeding events are essentially reversed as the cell is warmed 
above the eutectic point. Warming will cause the extracellular aqueous vapor 
pressure to become greater than that of the cells that have dehydrated to 
equilibrium during the cooling phase. As a result of this increase, water which 
had migrated from the cytosol during cooling will return at a rate dependant on 
the permeability of the plasma membrane and the rate of warming. 
A multitude of physiological factors have been outlined by Sakai and 
Larcher (1987) and Levitt (1980) which determine a plant's ability to resist or 
avoid freezing injury. These factors include but are not limited to small cell 
size, a relatively high solute concentration, minimal extracellular space. 
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relatively low water content, absence of internal ice nucleators, barriers against 
external nucleators, and the presence of antinucleation substances. 
Results of ice formation 
Many changes in plants in response to freezing stress have been 
demonstrated by various researchers in the fields of agronomy, cryobiology, 
biochemistry, and molecular biology. These changes include physical 
alterations caused by the presence of extracellular and intracellular ice as well 
as the resulting changes in the physiology and biochemistry of the plant. These 
two types of changes will be considered separately. 
Mechanical alterations 
The foremost cause of mechanical alterations is likely due to the shearing 
activity of expanding ice crystals as they continue to grow in the extracellular 
space (Dowgert and Steponkus, 1984). If the size of the growing crystals 
surpass the elasticity of the surrounding cells, mechanical abrasion will occur 
resulting in areas of plasmolysis. Additionally, the plasticity of the plasma 
membrane is reduced due to the shift in the membrane bi-layer from liquid to 
crystalline as temperatures decrease. The results of this phase shift in the 
membrane can not only lead to a decrease in plasticity but also to a decrease in 
the membrane's selective, semi-permeable nature upon re-warming. Upon 
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direct cryomicroscopic observation of isolated protoplasts, Steponkus 
(1982,1983) reported that freeze-thaw induced alterations of the plasma 
membrane resulted in several adverse effects on the cell including expansion-
induced lysis during warming, loss of osmotic responsiveness, and altered 
osmotic behavior. Subsequently, Gusta et ai (1982) demonstrated that this form 
of injury results in the irreversible loss of electrolytes from the cytoplasm. 
Several more subtle changes have been suggested which may occur 
before large-scale alteration of the plasma membrane. For example, as more and 
more water is converted to ice during cooling, the solubility of electrolytes in 
the extracellular and intracellular spaces may be exceeded causing them to 
precipitate. As each type of electrolyte precipitates at a different point, large pH 
gradients are formed (Mazur, 1969). Another potential mechanical alteration is 
the generation of electrical potentials caused by a separation of charge, which 
occurs due to freezing electrolyte solutions giving rise to large, steady potential 
differences between the liquid and solid phases. Potentials of up to 10 V can be 
generated across an ice-water interface (Workman and Reynolds, 1950). These 
electrical potentials are thought to have adverse effects on membranes 
separating solutes in the liquid and solid phase (Steponkus, 1984). Finally, 
several researchers have suggested that freeze-induced dehydration causes an 
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irreversible decrease in the spatial separation of macro-molecules. The 
ramifications of this are discussed in the proceeding section. 
Physiological and biochemical changes 
In addition to mechanical injury caused by freezing, several 
physiochemical changes have also been demonstrated. First, Herber et al. 
(1981) demonstrated that in isolated chloroplasts, freezing and thawdng 
inactivated photophosphorylation. They attributed this to a loss of osmotic 
responsiveness of the chloroplast membranes responsible for maintaining the 
pH gradient required to drive photophosphorylation. Levitt (1980) proposed a 
disulfide hypothesis of freezing injury. This hypothesis suggests that as water 
freezes, structural proteins are forced into closer proximity causing exposed 
sulfhydryl groups on nearby proteins or on nearby subunits of the same protein 
to enter an oxidized, disulfide state which may cause the protein(s) to 
irreversibly denature during re-hydration associated with thawing. Yoshida 
(1984) reported a loss of membrane proteins solubilized from plasma 
membranes frozen to lethal temperatures and concluded that temperature -
induced phase transition of the plasma membrane and subsequent dehydration 
of membrane proteins leads to freeze injury. Garber and Steponkus (1976) 
reported that injury was related to the release of plastocyanin from the thylakoid 
membranes. This work was substantiated by the findings of Volger et al. (1978) 
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who reported that in addition to plastocyanin, ferredoxin-NADP+ reductase was 
also released. Finally, MoUenhauer et al. (1983) and Nunes (1981) reported 
freeze induced protein conformational changes as a major contributing factor to 
membrane destabilization. 
In summary, freezing of plant tissues results in a multitude of changes 
including concentration and precipitation of solutes, changes in pH, reduction in 
cell water content, plasmolysis, and a reduction in the spatial separation of 
macromolecules. It seems likely that freeze-induced injury and death are 
attributable interactions of these and other factors rather than to one single 
confounding physical or chemical alteration. 
Plant responses to freezing 
Plants respond to freezing with a number of metabolic changes. These 
changes include increased levels of soluble carbohydrates, soluble proteins, 
proline, and organic acids as well as the biosynthesis of new isoforms of 
proteins and enzymes and an alteration of hpid content (Hughes and 
Dunn, 1996). 
Membrane lipid composition is widely considered an important factor in 
determining the survivability of a plant cell. Harwood et al. (1994) have 
demonstrated that plants grown at low temperatures have an increased level of 
lipid unsaturation. They also demonstrated that ratios of lipid to protein may 
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also change. Steponkus et al. (1988) showed that increased levels of mono and 
di-imsaturated lipids esterified to phosphatidylcholine conferred greater 
resistance to expansion-induced damage during freeze-thaw cycles. Uemura and 
Steponkus (1997) reported changes in lipid composition of the chloroplast 
envelop in response to cold acclimation. These changes include decreased 
proportions of monogalactosyldiglycerides (MGDG) in both the inner and outer 
membrane along with a concurrent increase in proportions of 
digalactosyldiglycerides (DGDG) as well as a decrease in the proportion of 
phosphatidylcholine (PC) in the outer membrane. The increase in the ratio of 
DGDG to MGDG is important in preventing the chloroplast membrane from 
entering the deleterious hexagonal phase from the normal lamellar phase as 
demonstrated by Shipley (1973). 
Another potentially important plant response to freezing temperatures is 
the accumulation of soluble carbohydrates. Sakai and Larcher (1987) outlined 
three possible roles for soluble carbohydrates in freezing tolerance. First, they 
may have an osmotic effect decreasing the amount of ice formed and lessening 
freeze-induced dehydration. Second, the metabolism of soluble carbohydrates 
in the protoplasm leads to the biosynthesis of other protective entities and 
releases energy. Third, soluble carbohydrates may have a cryoprotective effect 
on biological membranes. Guy et al. (1992) proposed that sucrose acted as a 
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cryoprotectant by functioning as an osmolyte during the dehydrative stress 
associated with freezing temperatures. Chen and Burris (1990) demonstrated 
the importance of carbohydrate composition rather than total content in 
membrane stabilization and desiccation tolerance. They reported increases in 
sucrose and rafiBnose while total soluble-sugar concentrations decreased. This 
work was substantiated by Castonguay et al. (1995) who reported that low 
temperatures induced a significant increase in sucrose and raffinose derivatives 
with a concomitant decrease in starch reserves and were able to establish a close 
relationship between winter hardiness and the accumulation of raffinose 
derivatives. 
Finally, plants differentially express a multitude of different proteins in 
response to, and when recovering from freezing temperatures. The proposed 
mode of action of these proteins differ greatly. One important type of protein 
upregulated in response to freezing are lipid transfer proteins (LTP). These 
proteins are responsible for the transfer of hpids between membranes, typically 
the mitochondria and the liposome (Hughes and Dunn, 1996). Members of the 
LTP gene family are expressed in leaf epidermal cells and are thought to be 
involved in wax synthesis and secretion which may play a role in some plant 
freeze response systems. 
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Because freezing is largely a dehydrative stress, another important type 
of protein expressed in response to freezing is dehydrins. Dehydrins are 
characterized by a highly conserved amino acid sequence near the C terminus 
of the protein. The consensus sequence is lysine rich and is found in virtually all 
plant species studied. Dehydrins may also contain a serine tract upstream from 
the consensus sequence which can be highly phosphorylated. Due to the 
abundance of non-polar amino acid residues, dehydrins are extremely 
hydrophilic and are not denatured when held at boiling temperatures (Close et 
al., 1993). These proteins are thought to function not only as osmoprotectants 
but also in water sequestration. These protective roles demonstrate dehydrins 
importance in membrane stabilization and protection of cellular structures 
during dehydration associated with freezing stress (Bray 1993). Additionally, 
Mantyla (1997) has shown that dehydrins may aide in the prevention of 
oxidative stress associated with freezing by chelating heavy metals used as 
cofactors by enzymes that catalyze the formation of hydroxyl radicals from 
active oxygen species. The ability to chelate heavy metals is likely due to their 
high histidine content (Svensson, in preparation). A close relative of the 
dehydrins are the COR or cold-regulated proteins. They share some sequence 
identity with class n lea proteins (dehydrins). Constitutive expression of these 
proteins has been shovm to increase the freezing tolerance of both chloroplasts 
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and protoplasts underscoring its importance in freeze protection. Steponkus 
(1996) reported that constitutive expression of Cor 15a alone increased freezing 
tolerance of Arab idopsis by about 1°C by reducing the formation of the 
hexagonal II phase of the plasma membrane. Various other proteins, many of 
which are ABA inducible such as the Rab family, have also been implicated in 
the freeze response. 
Additionally, a number of other specific proteins and enzyme isoforms 
have been demonstrated to be expressed in response to freezing temperatures. 
These include but are not limited to, antifreeze proteins (Kurkela and Franck, 
1990), alcohol dehydrogenase (Jarillo et al., 1993), and a mitochondrial catalase 
(Prasad et al., 1994). 
In summary, the formation of ice in plants causes a dehydrative stress as 
cytoplasmic moisture is lost to growing ice crystals. Plants respond to this stress 
through a myriad of biochemical processes. The survivability of any given plant 
lies within its ability to effect repair upon subsequent rehydration as well as its 
ability to synthesize many of the fore-mentioned biological compounds. 
Project Goals 
The purpose of this project was to enhance our understanding of the 
physiological and biochemical changes induced in maize seedlings germinated 
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from immature seed which have been exposed to freezing temperatures prior to 
drying and storage. The project addressed these two types of changes 
sequentially rather than simultaneously. Initially, the physiological changes at 
the cytological, histological, and whole-plant level were addressed by 
utilization of light, scanning and transmission electron microscopy and by 
subjecting the seed to simple germination and conductivity tests. Once such 
physiological parameters such as reduction in germination percent, increase in 
membrane permeability to electrolytes, and localization of mechanical injury 
and plasmolysis were established, subsequent investigation into changes in 
biochemistry were begun. The main goal of the biochemical investigation was 
to determine if similar changes reported to occur as a plant or seedHng 
encounters freezing temperatures also occur in seedlings germinated from seed 
which had encountered the freezing temperatures in spite of the fact that the 
seedling per se had not actually been exposed to freezing temperatures itself. 
The potential importance of this work lies within the tremendous revenue 
losses to the seed industry when immature seed com is subject to early-season 
frost and is rendered unsaleable. 
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CHAPTER 2. REDUCED VIABILITY IN IMMATURE MAIZE SEED 
INDUCED BY FREEZING STRESS 
A manuscript to be submitted Seed Science Research 
Jack A. Hartwigsen, J.S.Burris 
Department of Agronomy 
Iowa State University, Ames, lA 50011 
Abstract 
Maize seed from the inbred parent line B73x(H99xH95) were harvested 
at three moisture levels (55%, 45%, and 35%). Seed were then subject to one of 
five frost-simulating treatments. Treatments included Oh frost (control), 24h at 5 
°C (acclimation only), 24h at 5 °C followed by 6h at -5 °C (acclimation-short 
frost), 6h at -5 °C (short frost), and 24h at -5 °C (extensive frost). Following 
respective freeze treatments, seed were dried at 35°C to storage moisture (12%) 
then subjected to germination and conductivity tests. Germination percent was 
reduced with increasing exposure to freezing temperatures. Reduction in 
germination was greater in seed harvested at high moisture content (55% and 
45%) than in seed harvested at low moisture content (35%). Increases in 
conductivity of seed leachate due to freeze treatment were also greater in seed 
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harvested at high moisture than in seed harvested at low moisture. Light, 
scanning, and transmission electron microscopy were used to identify and 
characterize two areas of damage occurring in the embryonic axis of seed 
exposed to freezing temperatures. The two types of damage included an area of 
plasmolysis adjacent to the xylem tissue in the sub-apical meristematic region 
and desiccation-like injury found in the radicle. The desiccation-like damage 
was characterized by cytoplasmic shrinkage, plasma membrane separation from 
cell walls, and severed plasmodesmata. We conclude that freezing temperatures 
reduce seed viability by causing injury to the embryonic axis and that 
physiological maturity and freeze duration play a major role in determining the 
extent of injury and subsequent reduction in viability. We also present evidence 
that the damage observed in the embryo may be a direct result of ice formation. 
Introduction 
Frost injury to immature hybrid maize seed has long been a major source 
of revenue loss for seed producers. Reduced salability of hybrid maize seed 
may be a direct result of injury that occurs when the seed parent plant 
encounters freezing temperatures. Considering the economic consequences of 
frost injury to immature maize seed, surprisingly little research has been done 
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to investigate changes in maize seedlings germinated from seed subject to 
freeze stress. Instead, the majority of the research in the area of low temperature 
stress has focused on chilling and frost injury as it applies directly to maize 
seedlings. The few studies that have addressed the issue of freeze-induced 
reduction of seed viability in maize are quite old. Rossman (1949a) reported 
that maternal seed characteristics were of importance for conferring freezing 
tolerance and that tolerance was related to physiological maturity of the parental 
lines. Further, the amount of protection from freezing temperatures offered to 
seed from husks and cobs was largely a ftmction of genotype. Other factors 
reported to affect viability were freezing temperature, duration of exposure, 
moisture content of seed during exposure, and rate of dr3ang subsequent to 
exposure (Rossman, 1949b) (Burris and Knittle, 1972). 
Emphasis in this project was placed on developing a fundamental 
understanding of how freezing injury affects one inbred parent line, 
B73x(H99xH95), rather than how physiological parameters differ between 
various genetic lines in response to freezing. Specifically, we were interested in 
determining how freezing temperatures affected seed viability of B73 and how 
parameters such as harvest moisture, freeze duration, and low temperature 
acclimation affected freeze injury. These experimental parameters were chosen 
to simulate naturally occurring differences in physiological maturity of seed at 
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time of frost, duration of frost, and exposure to chilling temperatures prior to 
freezing, respectively. Other parameters which could have potentially added to 
the effect of the freeze stress such as husk removal, shelling, and drier damage 
were intentionally minimized by leaving the ear intact during freezing and by 
drying at an optimal temperature (Burris and Herter, 1989) after freeze 
treatment. 
The overall goals of this project were to first determine the effects 
harvest moisture, freeze duration, and low temperature acclimation on 
germination percentage and overall seedling vigor. Second, to relate electrical 
conductivity of seed leachate, which has been used as an indice of seed viability 
(Davidson et al., 1994) (Hill and Taylor, 1989)(Hill et al., 1988) to germination 
percentage and seedling vigor. Finally, to localize the damage within the 
embryo and relate the extent of embryo damage to overall seedling vigor, 
germination percent, and seed leachate conductivity. 
Materials and Methods 
Frost treatments 
Hybrid seed B73 x (H99xH95) was grown at the Iowa State University 
Curtiss Farm. Immature seed was harvested at 55%, 45% and 35% total 
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moisture content (approximately 30, 33, and 36 days after pollination, 
respectively) as determined by oven drying at 105°C for 241i. Seed (intact ears 
with husks) were immediately taken to the lab and exposed to one of five frost-
simulating treatments. Treatments included 0 hours frost (control), 24 hours at 5 
°C (acclimation only), 24 hours at 5 °C followed by 6 hours at -5 °C 
(acchmation-short frost), 6 hours at -5 °C (short frost), and 24 hours at -5 °C 
(extensive frost). All treatments were carried out in a Conviron programmable 
growth chamber in the dark. Upon completion of the respective frost scenarios, 
seed from each treatment were placed in a thin layer drier at 35 °C, dried to 
storage moisture (12%) and stored at 10®C for use in germination and 
conductivity tests. 
Percent germination 
Lots of 50 seed were taken from each treatment and germinated in towels 
moistened with 30 ml of distilled water per towel. Towels were placed upright 
in a wire grid and germinated in a growth chamber at 22°C under a 12h 
photoperiod for 7 days. Seedlings were evaluated for root and shoot 
development and were categorized as normal, abnormal (lacking root or shoot 
development, severely stunted growth, disease, etc.), or dead. Only seedlings 
deemed normal were counted towards germination percentage (number of 
23 
normal seedlings per lot of 50 multiplied by two). Germination percent was 
recorded for each of three replicates for each treatment. Statistical analysis 
included AVOVA and an LSD means separation test. 
Conductivity 
Conductivity of individual seed leachate was measured with a Genesis-
2000 Seed Analyzer (Wavefront, Inc., Ann Arbor, MI). Lots of 25 seed from 
each treatment were placed (one seed per cell) in 100-cell trays (4 lots per tray 
in randomized fashion). Seed were imbibed by adding 3 ml of distilled water to 
each cell. After one hour of imbibition, conductivity was measured for each 
cell. Measurements were fed into a computer which recorded the conductivity 
value for each cell and averaged the 25 cells in each lot. Each treatment was 
replicated three times. Readings were repeated after 24h. Total conductivity 
was reported as the difference between conductivity after one hour and 24h. 
Statistical analysis included AVOVA and an LSD means separation test. 
Light and electron microscopy 
Microscopy was preformed on embryos excised from seed containing 
45% moisture (approximately 33 days after pollination). Treatments for which 
microscopy was preformed included control, 6h frost, and 24h frost. The three 
lots selected for microscopy were chosen to represent average of harvest 
24 
moistures (45%) and three increasing levels of freeze exposure (Oh, 6h, and 
24h). 
Immediately following respective freeze treatments, tissue to be used for 
microscopy was placed into fixative containing 2% glutaraldehyde ; 2% 
paraformaldehyde in cocodylate buffer (pH 6.8) for 48 hours. Following 
fixation, tissue was rinsed twice in cocodylate buffer and dehydrated in an 
acetone series (25%, 50%, 70%, 90%, 3 x 100%). Tissue processed for 
transmission electron microscopy (TEM) was post-fixed in osmium tetroxide 
following fixation and embedded in Spur's resin upon dehydration. Tissue 
processed for hght microscopy (LM) was embedded lq LR white resin upon 
dehydration. Embryos used in scanning electron microscopy (SEM) were 
dehydrated as previously described, dried with a C02-critical point drier, and 
sputter coated with a mixture of gold and platinum. All tissue was processed 
simultaneously. Thick peridermal sections (l|jm) were cut through the entire 
length of the embryonic axis using a Reichert 5000 ultramicrotome. A total of 
five embryos from each treatment were sectioned in this manor to verify 
uniformity of damage. Sections were stained with toluidine blue and 
photographed under phase contrast using a Nikon photomicroscope and Kodak 
Ectrachrome Gold color shde film. Thin sections (60rmi) were also made using 
a Reichert 5000 ultramicrotome equipped with a diamond knife. Thin sections 
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were placed onto copper grids and stained with uranyl acetate / lead citrate. 
Sections were examined and photographed using a JEOL 1200 scanning 
transmission electron microscope utilizing an accelerating voltage of 80 kV. 
Specimens prepared for SEM were examined and photographed using a JEOL 
5600 scanning electron microscope. Negative images obtained from the 
electron microscopes were then re-photographed on a light box with 35 mm 
Kodak Technical Pan film. The 35 mm negatives were processed and mounted 
into slides which were scanned into a computer using a Nikon 35 mm slide 
scanner. 
For purposes of relating microscopic changes to whole plant effects, seed 
from each of the three lots (45% moisture exposed to Oh, 6h, or 24h at -5°C) 
were germinated as previously described and photographed. 
Results 
Percent germination and visual observation 
Germination percentage for seed harvested at 55% moisture ranged from 
93.3% in control seed to 33.3% for seed exposed to 24 hours of frost (Table 1). 
Germination percentage for control seed was significantly higher than for the 6h 
and 24h frost treatments and was significantly lower for seed exposed to 24h of 
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frost than for all other treatments. Germination percent for seed harvested at 
45% moisture ranged from 93.3% in control seed to 32.0% for seed exposed to 
24 hom-s of frost (Table 1). Separation of treatments means was similar to that 
of the seed harvested at 55% moistmre. Germination percent for seed harvested 
at 35% moisture ranged from 100% in control seed to 72.0% for seed exposed 
to 24 hours of frost (Table 1). Germination percent for control seed was 
significantly higher than that of seed exposed to 24 hours of acclimation 
followed by 6 hours of frost, of 6 hours of frost, and that of 24 hours of frost. 
Germination percent for seed exposed to 24 hours of acclimation only was 
significantly higher than that of seed exposed to 6 hours of frost or that of seed 
exposed to 24 hours of frost. 
Changes in overall appearance of seedlings germinated from seed lots 
exposed to different freezing treatments also varied considerably with 
physiological maturity. Seedlings germinated from seed harvested at 55% 
moisture varied the most in response to treatment. Seedlings germinated from 
the control and acclimation only treatments showed relatively high vigor and 
uniformity. Seedlings germinated from the short frost treatments showed 
reduced vigor and uniformity in addition to reduced overall germination 
percentage while seedlings from the extended frost treatment showed low vigor, 
severe stuntiug, severe deformation (i.e. lack of root or shoot development). 
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swollen mesocotyis, high levels of fimgal infection, and high mortality. 
Differences in overall appearance between seedlings germinated from seed 
harvested at 45% moisture were similar to that of 55% harvest moisture but to a 
lesser extent. With seedlings germinated from seed harvested at 35% moisture, 
differences in appearance between lots were very subtle with only seedlings 
from the extended frost treatment showing signs of decreased vigor. 
Conductivity 
After 24 hours of imbibition, electrical conductivity of seed harvested at 
55% moisture ranged from 14.10 to 17.53 |is per seed (Table 1). Seed exposed 
to 24 hours of frost had significantly higher conductivity than seed from all 
other treatments. Electrical conductivity of seed harvested at 45% moisture 
ranged from 7.27 to 10.53 ^s per seed (Table 1). Seed exposed to 6 and 24 
hours of frost had significantly higher conductivity than control seed. Electrical 
conductivity of seed harvested at 35% moisture ranged from 5.31 to 6.80 p.s per 
seed with no significant differences occurring between the treatment means 
(Table 1). 
28 
Table 1. Germination percent and electrical 
conductivity (^is per seed) for seed harvested 
at 55%, 45%, and 35% moisture and subsequently 
exposed to various frost treatments. 
Treatment-55% Gennination% Conductivity 
Control 93.3^ 14.23^ 
Cold 86.7'^ 14.46^ 
Cold-Frost 86.7'^ 14.41^ 
Frost 81.3^ 14.10^ 
Extended Frost 33.3' 17.53^ 
Treatment-45% Germination% Conductivity 
Control 93.3^ 12T 
Cold 92 jab 7 30ab 
Cold-Frost 76.0" 8.40^'' 
Frost 76.0' 9.63^ 
Extended Frost 32.0^ 10.53^ 
Treatment-35% Gennination% Conductivity 
Control 100" 6.67 
Cold 92oab 6.80 
Cold-Frost 80.0^ 5.31 
Frost 77.3' 5.73 
Extended Frost 72.0' 5.76 
Indicate levels of statistical significance as~determined by LSD analysis. 
Microscopy 
LM revealed two major areas of cellular damage. First, a large area of 
plasmolysis was identified adjacent to xylem tissue in the sub-apical meristem 
in all freeze-treated embryos. This area of plasmolysis, which was not present 
in any of the control embr>'os, was roughly three times as large in embryos 
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exposed to 24h of frost as compared to embryos exposed to 6h of frost (Figure 1 
A-C). Seedlings germinated from each of the three lots showed significant 
reductions in overall size, particularly in shoots, with increasing presence of 
plasmolysis (Figure ID). 
Second, extracellular spaces in the radicle were much larger in embryos 
subject to freezing than in control embryos (Figure 2A-B). Utilizing scanning 
and transmission electron microscopy, severed plasmodesmata were identified 
in freeze treated embryos (Figure 2C-D). In many cells, the plasma membrane 
had pulled away from the cell wall. Finally, in freeze treated embryos, 
mitochondrial membranes appeared to disrupted within cells showing 
desiccation injury (data not shown). 
Discussion 
Overall, the extent to which freezing temperatures decreased germination 
percentage was largely a factor of seed maturity and duration of freezing. These 
findings are consistent with the findings of Kiesselbach (1924), Rossman 
(1949a), Neal (1961) and Burris and ICnittie (1972). The fact that increasing 
freeze duration decreased germination percent was not surprising. In light of the 
findings of Fick (1989), it was also not surprising that less mature seed were 
Figure 1. Peridennal sections (Ifim) of maize embryos harvested at 45% 
moisture and exposed to -5°C for (A) Oh, (B) 6h, and (C)24h. 
Arrows indicate an area of plasmolysis which increased with 
increasing freeze duration. (D) Seedlings germinated from 
seed lots exposed to -5®C for Oh, 6h, and 24h (left to right). 
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Figure 2. Peridermal sections (Ifjm) through the radicle of maize embryos 
harvested at 45% moisture and exposed to -5°C for (A.) Oh and 
(B) 24h, arrows indicate large extracellular spaces. Severed 
plasmodesmata as viewed by TEM (C) and SEM (D), respectively. 
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more susceptible to injury and subsequent decreases in germination percentage. 
This may be attributable to the formation of a glassy state in the cytoplasm of 
drier, more mature embryos which renders them less susceptible to freeze injury 
(Bruni and Leopold, 1992). However, the temptation is to simply attribute the 
decreased germination percentage in less mature seeds to higher moisture 
contents (55% compared to 35%) but, other aspects of physiological maturity 
such as membrane stabilization (Chen, 1990) as well as carbohydrate and 
protein content (Peterson, 1997) which may affect freezing must not be 
overlooked. There have been numerous studies demonstrating the importance of 
these and other physiological factors in acquisition of desiccation tolerance 
which, due to the dehydrative nature of freezing stress, underscores their 
potential importance in conferring freeze tolerance. 
Data from the conductivity testing of seed leachate are consistent with 
that of germination percentage and the visual observation with respect to 
amount of injury. It was not surprising that seed lots with reduced germination 
percentage and decreased vigor also produced leachate with greater electrical 
conductivity. At 55% harvest moisture, all treatments except 24h frost had 
similar conductivity. At 45% harvest moisture, conductivity increased steadily 
with increasing freeze duration but remained considerably less than that of any 
of the seed lots harvested at 55% moisture. At 35% harvest moisture. 
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conductivity was similar for all treatments and was considerably lower than that 
of any of the seed lots harvested at 45% moisture. This suggests that more 
immature seed may be naturally more prone to electrolyte leakage and is 
consistent with the findings of Peterson (1997). Consequently, increases in 
leakage due to fi-eeze treatment at 55% harvest moisture were only detected 
after 24h of exposure where at 45% harvest moisture, seeds may have been less 
prone to leakage and therefore differences in fireeze treatments were more easily 
detected. At 35% harvest moisture, seeds appeared to have reached a level of 
physiological maturity sufficient to prevent excess electrolyte leakage even 
after prolonged periods of freeze exposure. These data are consistent with the 
findings of Fick (1989) who reported increases in electrolyte leakage in 
response to freezing in immature maize B73 seed. Additionally, increases in 
electrolyte leakage may act to promote microbial growth on germinating 
seedlings by serving as a source of metabolic energy. 
Bruggink et a/. (1991) estabUshed that electrolyte leakage in maize 
originates mainly from the embryo. This, taken in conjunction with the 
germination and conductivity data suggests that the embryo is the primary site 
of freeze-related injury to the immature maize seed. The most conclusive 
evidence for correlating reduced germination and increased seed leachate 
conductivity to extent of freeze injury to the embryo was the microscopic 
36 
localization and quantification of damage. The area of plasmolysis adjacent the 
xylem tissues in the in the sub-apical meristem which was not present in control 
embryos, became considerably larger as freeze duration increased from 6h to 
24h. This introduces the possibility that freeze temperature and duration were 
sufficient to allow considerable ice formation which may have resulted in the 
complete obliteration of cells in this area. The area and nature of the damage in 
these embryos provides considerable explanation for the reduction in shoot 
formation as freeze exposure proceeded from Oh to 6h to 24h (Figure 2D). As 
the area of plasmolysis near the vascular tissue became larger, greater difficulty 
may have been encountered in the translocation of water and solutes to the 
developing shoot upon germination in damaged embryos. The possibility also 
exists that this particular area was conducive to ice formation due to the fact 
that the area of plasmolysis seemed to initiate from, and associate with, xylem 
tissue which could be an area of locally high moisture content. The large areas 
of plasmolysis may also disrupt the flow of carbohydrate from shoot to root 
creating a localized area of low osmotic potential resulting in the accumulation 
of water in the area. This may explain the "swollen mesocotyl" condition found 
in frost damaged seed during routine germination testing. 
Histological and cytological differences, between control and freeze-
treated embryos, observed in the radicle were less pronounced. The salient 
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features found in the radicles of embryos exposed to freezing temperatures were 
the large extracellular spaces, the separation of the plasma membrane from the 
cell wall, and the severing of plasmodesmata in cells where the plasma 
membrane had separated from the cell wall. The presence of large extracellular 
spaces may have been caused by the formation of extracellular ice as described 
by Steponkus (1984). If this were the case, it is possible that as ice crystals 
formed and grew in the extracellular spaces, moisture was drawn from the 
cytoplasm (Mazur, 1969) causing shrinkage of the cytoplasm and subsequent 
separation of plasma membranes from cell walls. Finally, as plasma membranes 
separated from cell walls, plasmodesmata may have stretched and severed, 
possibly causing the cell to lose some or all of its symplastic connection 
resulting in injury or death. 
Conclusions 
We have demonstrated that immature seed of B73 are susceptible to 
freezing injury and that the extent of injury depends largely upon physiological 
maturity of the seed at the time of freezing as well as freezing duration. 
Manifestations of freezing injury include decreased germination percentage, 
decreased seedling vigor, and increased electrolyte leakage. Through the use of 
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microscopy, we found areas of cellular damage in freeze-treated embryos which 
intensified with increasing fi-eeze exposure. Because these types of injury are 
consistent with those associated with freezing and dehydration and because, 
increased incidence of damage was concurrent with decreased germination and 
seedling vigor, we propose that the observed injury was in fact caused by the 
formation of ice and subsequent dehydration of the cytoplasm. However, until 
the presence of ice is observed in vivo, this cannot be proven. 
This study provides a basis for understanding the mechanisms by which 
freezing temperatures adversely affect immature maize seed. It also 
demonstrates the importance of the timing of a naturally occurring frost as 
immature seed progressed from extremely vulnerable to relatively frost tolerant 
within one week. Further research in this area is certainly warranted due to its 
potential value to the seed industry. 
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Abstract 
Numerous studies have demonstrated changes in catalase isozyme 
profiles in maize seedlings which occur developmentally (Scandalios et ai, 
1984) and in response to low temperature stress (Anderson et al. 1995) (Prasad 
et al., 1994). However, changes in catalase isozyme profiles had not been 
characterized in maize seedlings germinated from seed subject to freezing. We 
were therefore interested in determining if these changes occur and how they 
are effected by physiological maturity of the seed at the time of freezing, 
duration of freezing, and light conditions during subsequent germination. We 
present evidence for the depletion or inactivation of maize catalase isozyme 1 
(CATl) (decreased activity but steady amounts of catalase protein) in 3 day old 
43 
seedlings and a strong induction of catalase isozyme 3 (CAT3) (increased 
activity and protein) in 6 day old seedlings germinated in the light from seed 
exposed to freezing. We also found that decreases in CATl activity and 
increases in CAT3 activity were paralleled by increases in respiration as 
measured by oxygen consumption. Six day old seedlings germinated in the dark 
exhibited high CAT3 activity in all treatments. CATl activity was localized to 
shoots and seed remnants in 3 day old seedlings and primarily to seed remnants 
in 6 day old seedlings while CAT3 activity was found in roots, shoots, and seed 
remnants of 6 day old seedlings germinated from seed exposed to freezing. 
Catalase was localized in the peroxysomes and mitochondria by reaction with 
3,3'-dianiinobenzidine and osmium tetroxide. We have previously 
demonstrated that less mature seed is more susceptible to freezing injury. Our 
results from the present study are consistent with those findings in that 
increased respiration, CATl depletion, and CAT3 induction due to freezing 
were more pronounced in seedlings germinated from less mature seed. 
Introduction 
Catalase (EC 1.11.1.6) or H2O2 : H2O2 oxidoreductase, catalyzes the 
dismutation of hydrogen peroxide into oxygen and water. The enzyme, which 
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exists as a dumbbell-shaped, heme-containing tetramer (four identical subunits), 
is found in nearly all aerobic organisms and plays an integral role in the 
removal of toxic oxygen species. Catalase is normally found in the 
peroxysomes and gyloxysomes where flavin-containing oxidases generate H2O2 
as a normal part of aerobic respiration (Redinbaugh et al., 1988). 
O2 + 2e + 2H^ ^ H2O2 
In plants, H2O2 can inhibit CO2 fixation and many of the enzymes 
associated v^ith the Calvin cycle through a firee-radical mechanism. H2O2 can 
also interact with superoxide firee radicals CO2') to form very destructive 
hydroxy radicals ( OH) (Scandalios et al., 1984). 
02" + H2O2 ^02 + HO- + HO" 
These active oxygen species may be responsible for the oxidation of 
sulfhydryl groups on proteins thus affecting the function of the protein or they 
may also initiate peroxidation of lipids. The peroxidation of lipids may have a 
deleterious effect on biological membranes due to the production of toxic 
organic peroxides and aldehydes such as malondialdehyde (McKersie, 1990) 
(Hendry, 1993). 
In maize, multiple forms of catalase have been defined as catalase 1 
(CATl), catalase 2 (CAT2), and catalase 3 (CAT3). The three isoforms are 
coded by three separate genes which have been mapped to three distinct 
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locations in the maize genome. Each isoform of the enzyme has a distinct 
pattern of expression both spatially and temporally. CATl is fomid in most 
areas of the developing kernel including endosperm, aleurone, pericarp, and 
scutellum as well as in very young seedlings (Chandlee et aL, 1983) 
(Scandalios et ai, 1984). CAT2 is found primarily in leaves of light-grown 
seedlings 10 days after germination and thereafter while CATS is expressed 
mainly in the epicotyl and mesocotyl of young seedlings (ScandaHos et aL, 
1980). A fourth isoform of maize catalase (CAT4) exists but has been the 
subject of far less study due to its brief temporal expression. Only CATl and 
CATS are present in both light and dark germinated seedlings and were 
therefore the subjects of the present study. 
In addition to natural differences in spatial and temporal expression of 
catalase isozymes, differential expression has been demonstrated to occur in 
response to various types of environmental stress including desiccation, 
freezing (McKersie, 1991), and low temperature (Prasad et ai, 1994 a,b) 
(MacRae and Ferguson, 1985). Specifically, the effects of low temperature and 
resulting oxidative stress in maize seedlings have been studied extensively. 
Prasad et ai (1994) have demonstrated that CATS is upregulated in maize 
seedlings exposed to 14°C for three days and that CATS can also be induced by 
treatment with exogenous hydrogen peroxide. The upregulation of CATS was 
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concurrent with seedlings ability to withstand chilling temperatures (4°C) which 
was subsequently lost when exposed to aminotriazol, a potent inhibitor of 
catalase (Prasad, 1997). The conclusion reached from these studies were that 
chilling imposed oxidative stress on maize seedlings and impaired 
mitochondrial function and that acclimation may have protected the 
mitochondria by inducing antioxidant enzymes including CATS. Anderson et 
al. (1995) also found that CATS was highly induced by low temperature 
acclimation in mesocotyls of maize seedlings and suggested that this may be an 
early response to excess hydrogen peroxide generated in the mitochondria. 
While there exists a good deal of research on the effects of low 
temperature stress in maize seedlings, there has been very little research 
conducted on seedlings germinated from seed exposed to freezing temperatures. 
The purpose of this project was to determine if any of the biochemical changes 
reported to occur in seedlings exposed to low temperature stress also occur in 
seedlings germinated from seed exposed to freezing at various stages of 
physiological maturity and subsequently grown under optimal temperatures. 
Specifically, we wanted to first, determine if changes in catalase isozyme 
profiles occurred in maize seedlings germinated from seed exposed to freezing 
temperatures. Second, determine if changes in catalase activity are paralleled by 
changes in catalase protein content. Third, determine how factors such as 
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physiological maturity of seed, seedling age, and light affected these changes. 
Fourth, relate any changes in catalase activity to changes in aerobic respiration 
which, due to the very low levels of photorespiration in C4 plants such as maize 
(Ogren, 1984), likely accounts for much of the hydrogen peroxide acted upon 
by catalase. Finally, to localize specific catalase isozymes to specific organs 
using activity staining and to demonstrate the presence of catalase activity in 
the mitochondria of seedlings exhibiting CATS activity and increased 
respiration rates utilizing cytochemistry and transmission electron microscopy. 
Materials and Methods 
Frost treatments 
Hybrid seed B73 x (H99xH95) was grown at the Iowa State University 
Curtiss Farm. Inmiature seed was harvested at 55%, 45% and 35% total 
moisture content (approximately 30, 33, and 36 days after pollination, 
respectively) as determined by oven drying at 105°C for 24h. Seed (intact ears 
with husks) was immediately taken to the lab and exposed to one of five frost-
simulating treatments. Treatments included 0 hours frost (control), 24 hours at 5 
°C (acclimation only), 24 hours at 5 °C followed by 6 hours at -5 °C 
(acclimation-short frost), 6 hours at -5 °C (short frost), and 24 hours at -5 °C 
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(extensive frost). All treatments were carried out in a Conviron programmable 
growth chamber in the dark. Upon completion of the respective frost scenarios, 
seed from each treatment were divided with half being flash-frozen in liquid 
nitrogen and stored at -70 °C for direct analysis and half placed in a thin layer 
drier at 35 °C, dried to storage moisture (12%), and placed in cold storage 
(10®C) prior to germination. Lots of 50 seed were taken from each treatment 
and germinated in towels moistened with 30 ml of distilled water per towel. 
Towels were placed upright in a wire grid and germinated in a growth chamber 
at 22°C under a 12h photoperiod for 3 days. 
Catalase activity 
Total protein was extracted from 3 day and 6 day old seedlings 
germinated in the light, 6 day old seedlings germinated in the dark, and from 
ungerminated seed which were flash-frozen and stored at -70°C immediately 
following frost treatment. Ten seedlings (including remaining seed tissues) 
from each treatment (ten seed in the case of ungerminated seed) were ground in 
ice cold extraction buffer containing 0.1 M sodium phosphate (pH 7.8), ImM 
EDTA, and ImM PMSF followed by centrifiigation for 10 minutes at 20,000g. 
600|jJ of the supernatant was added to 400 )li1 of 30mM DTT (found to preserve 
consistent electrophoretic mobility by Anderson et ai, 1995) and 333fil of 
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glycerin. Total protein was determined spectrophotomctrically based on the 
method of Bradford (1976). Total protein (lOfig) from each treatment was 
loaded into 9.5% native acrylamide mini-gels. Gels were run at 5°C for 6h 
hours at 60 V. Subsequent to electrophoresis, gels were rinsed in distilled water, 
incubated in a 3.5 mM solution of hydrogen peroxide for 15 minutes, and again 
rinsed in distilled water. Gels were placed in catalase activity stain containing 
100 ml of 50mM potassium ferricyanide and 100 ml 75mM ferric chloride for 
3min as described by Woodbury et al. (1971). Catalase isozymes were 
identified by relative electrophoretic mobility (Scandalios et al, 1984). Gels 
were then rinsed several times in distilled water, placed on a light box and 
photographed. 
For tissue-specific localization of catalase activity, 3 day old and 6 day 
old seedlings were germinated in the light as previously described for seed 
harvested at 45% moisture. This treatment was selected for use in localization 
because it had been demonstrated in preliminary experiments to exhibit both 
CATl and CAT3 activity. Seedlings were excised from seed remnants and roots 
were separated from shoots. Total protein was then extracted from roots, shoots, 
and seed remnants as previously described. 
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Immunoblotting 
After activity staining, gels, electroblotting paper (Bio-Rad Laboratories, 
product # 170-3956), and nitrocellulose membranes (Bio-Rad Laboratories, 
product # 162-0113) were soaked in electroblotting buffer containing 25 mM 
Tris, 192 mM glycine, and 20% (v/v) methanol for 0.51i at room temperature. 
Electroblotting was conducted at 5°C for 6h at 15V. The extended blotting time 
was necessary due to the non-reducing nature of the gel. Subsequent to 
electroblotting, membranes were rinsed briefly in IX TBS (50mM Tris, 150mM 
NaCl, pH 7.5) before incubation in 50 ml blocking solution containing 5% non­
fat dry milk dissolved in IX TBS at room temperature. After 2h, 25^x1 of 
horseradish peroxidase conjugated rabbit aati-catalase antibody (Research 
Diagnostics, Inc., Flanders, NJ) was added to the blocking solution giving a 
final dilution of 1:2500. Membranes were incubated in antibody for 2h followed 
by 3-5min washes in IX TBST (TBS+ 1% v/v Tween 20)followed by a 5n]in 
wash in IX TBS. Colormetric detection was carried out by incubation in 
solution containing 100 ml IX TBS, 60jLd 30% hydrogen peroxide, 65 mg 4-
chloro-l-naphthol (Bio-Rad Laboratories, product # 170-6534) and 20 ml 
methanol. The reaction was stopped after approximately lOmin by rinsing 
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membranes with distilled water. Membranes were then placed on a light box 
and photographed. 
Respiration 
Oxygen consumption was measured as a relative index of respiration rate 
on 3 and 6 day old seedlings. Five seedlings from each treatment were excised 
from remaining seed tissue, weighed, ^d placed into a Gilson differential 
respirometer. Oxygen evolution due to photosynthesis was stopped by purging 
with air passed through IN KOH to remove any CO2 from the system. Readings 
were taken every 5min over the course of 30min. Rate of oxygen uptake was 
determined as jxl of O2 consumed per g of seedling fresh mass per minute. Each 
treatment was replicated three times. 
Transmission electron microscopy 
TEM was preformed on light-germinated, 6 day old seedlings germinated 
from seed harvested at 45% moisture and exposed to 24h of freezing. This 
treatment was selected for sub-cellular localization because it exhibited both 
CATl and CATS activity. Seedling mesocotyl tissue was placed into fixative 
containing 3% glutaraldehyde in phosphate buffer (pH=7.4) for Ih at 5°C. 
Following fixation, tissue was rinsed three times in phosphate buffer and 
preincubated in solution containing O.IM 2-amino-2methyl-1,3-propenedial 
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(AMPD, Sigma Chemical Co., St. Louis, MO) (pH=9.0) in a series of 3-5min 
rinses. Tissue was then incubated in 50 ml of the preincubation solution plus 1 
ml 3% hydrogen peroxide, O.lg 3,3'-diaminobenzidine (DAB, Sigma Chemical 
Co., St. Louis, MO) (pH=10.0) for 45min at 37°C. The oxidative 
polymerization of DAB caused by the peroxidactic activity of catalase creates 
osmophillic areas which turn black with osmium postfixation. Controls were 
made by incubating tissue in solution without DAB. Following incubation, 
tissue was rinsed three times in AMPD buffer, three times in phosphate buffer, 
post-fixed in osmium tetroxide, again rinsed three times in phosphate buffer and 
dehydrated in an acetone series (25%, 50%, 70%, 90%, 3 x 100%). Tissue was 
then embedded in Spur's resin. 60nm thin sections were cut using a Reichert 
5000 ultramicrotome equipped with a diamond knife. Thin sections were placed 
onto formvar coated nickel grids. Sections were examined and photographed 
using a JEOL 1200 scanning transmission electron microscope utilizing an 
accelerating voltage of 80 kV. Negative images obtained from the microscope 
were then re-photographed on a light box with 35 mm Kodak Technical Pan 
film. The 35 mm negatives were processed and mounted into slides which were 
scanned into a computer using a Nikon 35 mm slide scanner. 
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Results 
Respiration 
Oxygen consumption by three day old seedlings germinated from seed 
harvested at 55% moisture ranged from 25.3 to 41.8 |il Oi/g tissue/min (Table 
1). Oxygen consumption by light germinated six day old seedlings ranged from 
10.7 to 19.8 02/g tissue/min while oxygen consmnption for dark germinated 
six day old seedlings ranged from 17.3 to 19.5 |il Oa/g tissue/min (Table 1). In 
light germinated seedlings germinated from seed harvested at 55% moisture, 
consimiption was highest in seedlings germinated from seed exposed to 24h of 
freezing and lowest in seedlings germinated from seed that was not exposed to 
freezing. In six day old seedlings germinated in the dark, consumption was 
similar to that of six day old seedlings germinated in the light from seed 
exposed to 24h of freezing and varied little between treatments. 
Oxygen consumption by three day old seedlings germinated from seed 
harvested at 45% moisture ranged from 22.8 to 36.2 yl Oi/g tissue/min (Table 
1). Oxygen consumption by light germinated six day old seedlings ranged from 
6.3 to 9.8 ^il Oi/g tissue/min and from 10.0 to 11.9 for six day old seedlings 
germinated in the dark (Table 1). In light germinated seedlings germinated from 
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seed harvested at 45% moisture, consmnptioii was highest in seedlings 
germinated from seed exposed to 24h of freezing and lowest in seedlings 
germinated from seed that was not exposed to freezing. In six day old seedlings 
germinated in the dark, consmnption was similar to that of six day old seedlings 
germinated in the light from seed exposed to 24h of freezing and varied little 
between treatments (Table 1). 
Oxygen consmnption by three day old seedlings germinated from seed 
harvested at 35% moisture ranged from 15.8 to 19.5 |il Oz/g tissue/min. In six 
day old seedlings germinated from seed harvested at 35% moisture, 
consumption ranged from 4.7 to 5.9 fjl Oi/g tissue/min in hght germinated 
seedlings and from 6.8 to 8.4 pi Oi/g tissue/min in dark germinated seedlings 
(Table 1). 
Catalase activity and immuno blotting 
In ungerminated seed, CATl activity and CATl protein levels were low 
in seed harvested at 55% moisture and steadily increased as harvest moisture 
decreased to 35%. However, CATl activity and CATl total protein levels did 
not respond to freezing treatments (data not shown). CAT3 activity and CAT3 
protein were not detected in ungerminated seeds (data not shown). 
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Table 1. Oxygen consumption (jjI Oz/g tissue/min) in maize seedlings 
germinated from seed harvested at 55%, 45%, or 35% moistm-e and subject 
to one of five freeze treatments. Standard eiror of the means appear in brackets. 
55% Moisture 3 day old 6 day old seedlings- 6 day old seedlings-
Treatment seedlings Ught germinated dark germinated 
Control 25.9 (1.3) 10.7 (1.8) 18.2 (1.4) 
Cold 25.3 (2.1) 11.5(2.1) 17.4 (1.6) 
Cold-Frost 28.7 (2.6) 15.2 (2.6) 18.5 (1.1) 
Frost 31.2 (1.9) 14.3 (3.1) 19.5 (1.8) 
Extended Frost 41.8(3.1) 19.8 (2.7) 17.3 (1.5) 
45% Moisture 3 day old 6 day old seedlings- 6 day old seedlings-
Treatment seedlings light germinated dark germinated 
Control 23.9 (2.2) 6.3 (0.9) 10.8 (1.1) 
Cold 22.8 (3.4) 6.8 (1.6) 10.0 (0.7) 
Cold-Frost 27.8 (2.5) 9.4 (1.4) 11.9 (1.3) 
Frost 29.7 (1.8) 9.2 (2.1) 10.4(1.0) 
Extended Frost 36.2 (3.2) 9.8 (1.9) 10.9(1.7) 
35% Moisture 3 day old 6 day old seedlings- 6 day old seedlings-
Treatment seedlings light germinated dark germinated 
Control 15.8 (1.4) 5.2 (0.8) 8.1 (1.2) 
Cold 16.2 (1.9) 5.9 (0.6) 7.4 (0.8) 
Cold-Frost 17.4 (2.0) 5.1(1.1) 8.4 (0.8) 
Frost 19.5 (2.7) 4.7 (1.4) 6.8 (1.3) 
Extended Frost 18.1 (2.3) 5.4 (0.9) 7.6 (1.1) 
In three day old seedlings, CATl activity decreased v/ith increasing 
freeze duration in seedlings germinated from seed harvested at 55% and 45% 
moisture but not in seedlings germinated from seed harvested at 35% moisture 
(Figure 1-A,C,E). Immunoblots indicated that total amounts of CATl protein 
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were considerably less in seedlings germinated from seed harvested at 55% 
moisture than in seedlings germinated from seed at 45% and 35% moisture and 
that although activity decreased with increasing freeze duration, total CATl 
protein levels remained largely imchanged in response to freezing (Figure 1-
B,D,F). CAT3 activity and CAT3 protein were not detected in three day old 
seedlings. 
Six day old seedlings germinated in the Hght from seed exposed to 
freezing exhibited stunted growth and yellowing. CAT3 activity was much 
greater in all freeze treatments than in non-freeze treatments. Increases in CAT3 
activity were most pronounced in seedlings germinated from seed harvested at 
45% and 55% moisture (Figure 2-A,C,E)- Patterns of CAT3 protein 
accumulation mirrored that of CAT3 activity (Figure 2-B,D,F). CATl activity 
and CATl protein accumulation were largely unaffected by freeze treatment 
within each harvest moisture however, levels were considerably higher in 
seedlings germinated from seed harvested at 35% moisture. 
Six day old seedlings germinated in the dark exhibited yellowing and 
etiolation. CAT3 activity and CAT3 protein levels were high and not responsive 
to freezing while CATl activity and CATl protein levels were similar to levels 
found in 6 day old seedlings germinated in the light (Figure 3-A-F). 
Figure 1. Catalase activity and total catalase protein as detected in three day old 
seedlings by catalase activity staining (A,C,E,) and immunoblotting 
(B,D,F). Seedlings were germinated from seed harvested at 55% 
(A,B), 45% (C,D), or 35% (E,F) moisture. Lanes 1- 5 represent Oh 
frost (control), 24h at 5 °C (acclimation only), 24h at 5 °C follow^ed 
by 6h at -5 °C (acclimation-short frost), 6h at -5 °C (short frost), and 
24h at -5 °C (extensive frost), respectively. 
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Figure 2. CATl (lower bands) and CATS (top bands) activity and total 
protein as detected in six day old seedlings germinated in the light 
by catalase activity staining (A,C,E,) and inmiunoblotting 
(B,D,F). Seedlings were germinated from seed harvested at 55% 
(A,B), 45% (C,D), or 35% (E,F) moistm*e. Lanes 1-5 represent Oh 
frost (control), 24h at 5 °C (acclimation only), 24h at 5 "C followed 
by 6h at -5 °C (acclimation-short frost), 6h at -5 °C (short frost), and 
24h at -5 °C (extensive frost), respectively. 
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Figure 3. CATl (lower bands) and CAT3 (top bands) activity and total 
protein as detected in six day old seedlings germinated in the dark 
by catalase activity staining (A,C,E,) and immunoblotting 
(B,D,F). Seedlings were germinated from seed harvested at 55% 
(A,B), 45% (C,D), or 35% (E,F) moisture. Lanes 1-5 represent Oh 
frost (control), 24h at 5 °C (acclimation only), 24h at 5 °C followed 
by 6h at -5 °C (acclimation-short frost), 6h at -5 °C (short frost), and 
24h at -5 °C (extensive frost), respectively. 
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In three day old seedlings, CATl activity was found to be high in seeds, 
lower in shoots, and was not detected in roots. In six day old seedlings, CAT3 
activity was high in roots, shoots, and seeds while CATl activity was found 
exclusively in seeds (Figure 4A-B). 
Utilizing transmission electron microscopy and the DAB reaction, 
catalase activity was localized to the peroxysomes and mitochondria in the 
mesocotyl of six day old seedlings germinated from seed harvested at 45% 
moisture and exposed to 24h freezing (Figure 5A-B). In the negative control 
reaction, no catalase activity was detected in the peroxysomes or mitochondria 
(Figure 5C-D). 
Discussion 
In ungerminated seeds, CATl activity was not altered by freezing. This 
suggests that in the case of immature, ungenninated seed, any freeze-induced 
oxidative stress is not caused by the destruction or inactivation of catalase. The 
fact that CATl activity became greater as seeds became physiologically more 
mature coupled with the fact that CAT3 activity was not detected suggests that 
CATl may be important during the periods of high respiration associated with 
early germination. This possibility is consistent with reports of Chandlee et al 
(1983) and Scandalios et al., (1984). 
Figure 4. CATl activity in three day old seedlings (A) and CATl (lower 
band) and CAT3 (top bands) activity in six day old seedlings 
(B) germinated in the light as detected by catalase activity 
staining. Activity was localized to roots (lane 1), shoots (lane 
2), and seeds (lane 3). 
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Figure 5. Transmission electron micrographs showing; A-B) positive DAB 
reaction (M=mitochondria, P=peroxisome) indicating catalase 
activity. C-D) negative control DAB reaction (M=mitochondria). 
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In three day old seedlings, CATl activity was decreased in seedlings 
germinated from seed harvested at 55% moisture and subsequently exposed to 
freezing while seedlings from seed harvested at 45% moisture and 35% 
moisture showed little and no decrease, respectively. The fact that the amount 
of CATl protein detected immunologically did not decrease to the extent that 
activity decreased suggests that CATl may have become enzjmiatically 
depleted or otherwise inactivated in seedlings germinated from seed harvested 
at 55% moisture and subject to freezing. This depletion of CATl may result 
from the reduced amount of CATl initially found in seed harvested at 55% 
moisture combined with increased rates of respiration in these seedlings, 
particularly those germinated from seed exposed to prolonged freezing. Reports 
pertaining to the effects of freezing on respiration upon rewarming are 
conflicting. However, in most cases where the freezing temperature was 
between 0°C and -5°C, respiration was reported to increase. Finally, 
acclimation at 5°C appeared to have little effect on CATl activity or respiration 
rate in three day old seedlings. This may be due to the inability of the immature 
seed to elicit an acclimation response prior to germination or to the acclimation 
duration being too short.In six day old seedlings germinated in the light from 
seed subjected to freezing, there was a strong induction of CAT3 activity. The 
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induction of tliis mitochondrial isoform (Redinbaugh et ai^ 1990a) may be due 
to either increased rates of respiration or as part of chilling acclimation 
(Anderson et ai, 1995). Since CAT3 activity and CATS protein were not 
detected in seeds, it seems unlikely that immature seeds have the capacity to 
acclimate to low temperature in this manor. CATS induction was most 
prevalent in seedlings germinated from seed harvested at 55% and 45% 
moisture levels as were increases in respiration. Decreases in germination 
percentage due to exposure to freezing (Hartwigsen and Burris, in process) also 
parallel the amount of CATS induction and increases in respiration. Taken 
together, this suggests that as immature seed encounter freezing temperatures, 
damage occurs, the extent of which is dependant on the physiological maturity 
of the seed at the time of freezing. When damaged seed germinate, they exhibit 
a higher rate of respiration possibly due to attempts to repair damaged tissue. 
The increased rate of aerobic respiration and potentially increased levels of 
hydrogen peroxide in the mitochondria may induce CATS. Because CATS total 
protein levels mirror CATS activity, it seems likely that this is an induction of 
CATS gene expression rather than simply an activation of an existing enzyme. 
This is consistent with the findings of Redinbaugh et al. (1990a) who reported a 
positive correlation between the accumulation of CATS transcript and CATS 
protein and concluded that tissue specific e^qpression of maize catalase genes 
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was under pretranslational regulation. Further evidence for the role of CATS in 
the dismutation of elevated hydrogen peroxide levels associated with increased 
respiration is the fact that in six day old seedUngs, CATl activity had returned 
to base levels in treatments where it had been depleted in three day old 
seedlings devoid of CATS. Finally, low temperature acclimation of the 
immature seed prior to freezing had no detectable effect on CATS activity, 
CATS protein accumulation or respiration rate. This may have been due to the 
immature seeds inability to acclimate at low temperatures as demonstrated in 
seedlings by Prasad et al. (1994) and Anderson et al. (1995) or to the fact that 
the acclimation periods studied in their experiments were considerably longer. 
In six day old seedlings germinated in the dark, CATS activity and CATS 
protein levels were high in all treatments. No ftirther increases in CATS activity 
due to freeze treatments were detected. It has been demonstrated that CATS 
activity is under circadian regulation where CATS message is controlled to 
allow for greatest CATS activity in the dark when mitochondrial respiration is 
highest (Redinbaugh et al, 1990b). The fact that six day old seedlings 
germinated in the light from seed exposed to freezing exhibited increases in 
respiration and CATS induction similar to that of aU seedlings germinated in the 
dark suggests that exposing seed to freezing temperatures may hinder the 
development of, or damage photosynthetic systems to the point where seedlings 
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are not able to detect and utilize light resulting in CAT3 activity characteristic 
of dark germinated seedlings. Numerous reports have demonstrated the damage 
to chloroplasts that occurs at freezing temperatures (Grafflarge and Krause, 
1986); (Jensen and Oettmeier, 1984); (Santarius, 1986). It seems likely that the 
undeveloped chloroplasts (proplasts) located in the embryonic axis of the 
ungerminated seed would have similar susceptibility. In this sense, it is likely 
that freeze-injury to seeds has both direct (cytological damage and reduced 
germination percentage), and indirect manifestations which surface as seedlings 
germinate and begin to grow. 
CATl activity was limited primarily to seeds. This is consistent with 
localization reported by Scandalios (1984) and Redinbaugh (1988). The 
evidence found here suggests that considerable amounts of CATl may remain 
in seed remnants as germination progresses and that these reserves may not be 
readily available to the developing seedling as CATl was not detected in 6 day 
old seedlings when seed remnants were removed. 
CATS activity was high in roots, shoots, and seed renmants of 6 day old, 
light germinated seedlings. Localization in the shoots has been reported by 
numerous authors while localization in the seeds has received less attention. 
Even more infrequently are reports localizing CAT3 in seedling roots. 
Redinbaugh et al. (1990a) reported low levels of CAT3 in roots of developing 
72 
maize seedlings. Because CATS activity in seedlings germinated from seed 
exposed to freezing exhibited far greater activity than reported iu healthy 
seedlings, it is possible that induction of CATS activity in roots is brought about 
by the high rates of respiration possibly associated with attempts to repair 
cytological damage known to occur when seed containing 45% moisture is 
subject to freezing (Hartwigsen and Burris, in process). 
Localization of catalase activity to the mitochondria is further indication 
that increased respiration may result in increased oxidative stress in seedlings 
germinated from seed exposed to freezing which may in turn play a role in the 
induction of CATS in maize. 
Conclusions 
We have previously demonstrated the direct effects of exposing 
immature maize seed to freezing temperatures. These direct effects included 
cytological damage and decreased germination percentage (Hartwigsen and 
Burris, in process), the extent of this damage was dependant on physiological 
maturity of the seed at the time of exposure with more damage occurring in less 
mature seeds which contain greater amounts of moisture. Here, we present 
evidence of a more indirect manifestation of freeze exposure. Seedlings 
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germinated from seed exposed to freezing exhibited increased respiration rates 
and increased CATS activity to a level similar to that of seedlings grown in the 
dark with the greatest increases occurring in seedlings germinated from less 
mature seed. We submit that as freezing injury occurs in immature seed and 
cytological damage becomes more widespread, upon germination, the seedling 
exhibits an increased rate of mitochondrial respiration, possibly due to efforts to 
repair structural damage and to under developed or damaged photosynthetic 
apparatus. The increased respiration rate initially causes a depletion in CATl, 
then, as the seedlings approach six days of growth in the hght, initiates a strong 
induction of CATS activity which rivals that of seedlings grown in the dark. 
The net result of these processes appears to be an increased potential for 
oxidative stress in seedhngs germinated from freeze damaged seed. 
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Abstract 
Dehydrins are a family of thermo-stable hydrophilic proteins which share 
a considerable degree of sequence homology. Their expression has been 
reported in numerous plant species in response to a multitude of environmental 
stresses including desiccation, temperature, and salinity. It has also been 
demonstrated that exposure of plant tissues to freezing temperatures can 
generate desiccation stress in the exposed tissue. We were interested in 
determining if exposing immature maize seed harvested at different levels of 
maturity (55%, 45%, and 35% moisture content) to freezing temperatures 
would elicit the expression of proteins recognizable by an antibody directed at 
the dehydrin consensus peptide sequence in the ungerminated embryo and/or in 
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seedlings germinated from the freeze-exposed seed. Our results indicate that 
dehydrin antibody recognized proteins (DARP's) were present in ungenninated 
embryos and in three day old seedlings. In ungenninated embryos, expression 
of a DARP of approximately 56 kDa was not affected by freeze exposure but 
did increase with physiological maturity of the seed. In three day old seedlings, 
a DARP of approximately 56 kDa was differentially expressed in seedlings 
germinated from seed exposed to freezing while another DARP of 
approximately 36 kDa was expressed in all seedlings. Expression of the 56 kDa 
DARP in three day old seedlings was limited to seedlings germinated from seed 
harvested at 45% and 35% moisture. In seedlings germinated from seed 
harvested at 45% moisture, expression occurred in seedlings germinated from 
seed exposed to either 6h or 24h of freezing while in seedlings germinated from 
seed harvested at 35% moisture, expression was Hmited to seedlings germinated 
from seed exposed to 24h of freezing. 
Introduction 
Dehydration-induced proteins (dehydrins) are extremely hydrophilic and 
remain stable at temperatures greater than 100°C. Dehydrins are found in the 
nucleus and cytoplasm (Close, 1995). They are glycine-rich and free of cysteine 
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and tryptophan. They contain repeated units in a conserved linear order 
including a lysine-rich repeating unit that occurs twice in each protein, once at 
the carboxy terminus and once midway through the polypeptide (Close, 1989). 
The majority of the dehydrins contain a tract of serine residues which can be 
phosphorylated (Close et al, 1995) Phosphorylation of the serine tract may be 
involved in binding of nuclear localizing signal peptides (Goday et aL, 1994). 
This repeating unit or dehydrin consensus sequence is highly conserved among 
all dehydrins (Close, 1997). Expression and function of dehydrins has been 
studied in many plant species under various environmental conditions. 
Close et aL, (1989) found that expression of dehydrins is inducible by 
low temperature stress in barley and maize. The dehydrins expressed in these 
two species were biochemically very similar. cDNA libraries were constructed 
for both species and probed with a radioactively labeled insert fragment from 
pHrVA39 which is an ABA-induced aleurone cDNA clone. The probe 
hybridized to poly(A) RNA from barley roots subject to low temperature and 
desiccation stress but not to poly(A) RNA from shoots. In maize, the probe 
hybridized to poly(A) RNA from both roots and shoots subject to desiccation 
and low temperature stress but not to unstressed roots and shoots. These cDNA 
fragments were used to determine complete DNA sequences. Five similar but 
unique sequences were obtained. Four were from barley while one was from 
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maize. It was determined that the sequences encoded polypeptides of 22.6, 16.2, 
14.4, and 14.2 kDa in barley and a 17.0 kDa polypeptide in maize. These 
findings were confirmed using fluorography. Fluorographs indicated the 
presence of proteins of similar size as deduced firom the DNA sequence in the 
lanes loaded with extract firom low temperature and desiccation stressed 
seedlings but not in lanes loaded with extract from unstressed seedlings. 
Hydropathy plots demonstrated the very hydrophilic nature of the highly 
conserved regions located within the five dehydrins expressed in response to 
low temperature and desiccation stress. The authors concluded that not only 
were dehydrins expressed in response to low temperature stress, but that these 
dehydrins were closely related to dehydrins expressed in other plant species in • 
response to desiccation stress which all contained the consensus sequence 
EKKGIMDKIKEKLPG near the carboxy terminus. 
In subsequent work, van Zee et al. (1995) demonstrated the cold-specific 
induction of Dim 1 and Dhn2 (dehydrins) in two lines of barley. Germination 
and incubation of seedlings at 2°C for three weeks resulted in the induction and 
expression of a single 86kDa polypeptide that was recognized by antiserum 
against the peptide conserved in the dehydrin family (EKKGIMDKIKEKLPG) 
as proposed by Close (1989 and 1997). Northern blot analysis confirmed the 
induction of mRNA corresponding to Dhnl and Dhn2. Expression patterns of 
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dehydrins in seedlings of the hnes were identical under the low temperature 
stress conditions in spite of known phenotypic differences in winter hardiness. 
The authors concluded that although there is good evidence that dehydrins may 
increase low temperature tolerance, it is unlikely that dehydrins alone can 
confer winter tolerance in barley. 
Lin and Thomashow (1992a) studied changes in gene expression in 
arabidopsis during cold acclimation. They reported that genes were activated 
which encoded polypeptides that shared an unusual property in that they 
remained soluble upon boiling in aqueous solution. They were able to identify a 
cDNA clone for a cold-regulated gene (COR15) encoding one of the boiling-
stable peptides. The peptide was 14.7 kDa and very hydrophilic. The deduced 
amino acid sequence suggested a high degree of similarity to dehydrins found 
in other species and was included by Close (1997) in a table of known plant 
dehydrins because it contained the consensus sequence 
EKBCGIMDKIKEKLPG. They demonstrated immunologically that the C0R15 
polypeptide was present in the soluble fraction of the chloroplast and concluded 
that COR15 may have a cryoprotective role similar to that demonstrated by 
Hinchae/a/. (1989). 
Guo et al. (1992) characterized a cold-regulated wheat gene they believed 
was related to arabidopsis COR47. Translation experiments and DNA 
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sequencing indicated that the wheat gene designated (COR39) encoded a 
hydrophilic 39 kDa polypeptide. They found that the polypeptide contained a 
lysine rich and a glycine rich domain similar to those found in dehydrins. 
Transcripts that hybridized with COR39 were found to accumulate in leaf, root, 
and crown tissues of cold-accumulated seedlings. These transcripts accumulated 
rapidly in response to low temperature and quickly degraded when the seedlings 
were returned to normal growing temperatures. Transcripts were also found in 
relatively high concentrations in seeds and seedlings under water stress and in 
response to appHcation of exogenous ABA. They concluded that wheat COR39 
and arabidopsis COR47 are closely related genes that are up-regulated by low 
temperatures and whose polypeptide products are dehydrins whose sequence as 
well as physical and chemical properties are related to the large family of 
dehydrins described by Close (1997). 
Lin and Thomashow (1992b) demonstrated the cryoprotective activity of 
a polypeptide encoded by a cold-regulated arabidopsis gene. The 15kDa 
polypeptide product of the C0R15 gene in arabidopsis was used in an in vitro 
cryoprotection assay. The COR15 peptide was isolated from a cellular 
homogenate by boiling followed by acetone precipitation similar to the method 
used by Close et al. (1989). The cold-labile enzyme lactate dehydrogenase 
(LDH) was added to the isolated C0R15 peptide. The mixture was subject to 
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repeated freeze-thaw cycles. Upon comparison of the resulting activity of LDH 
to the resulting LDH activity when sucrose or bovine serum albimiin (BSA) 
was used as the cryoprotectant, it was determined that C0R15 was about 10^ 
times more effective than sucrose and 10^-10^ times more effective than BSA. 
The authors concluded that COR 15 is a dehydrin expressed in response to low 
temperature stress that possesses cryoprotective properties far greater than those 
of other proteins and solutes imphcated in cryoprotection, but added that there 
is still no direct evidence that these polypeptides contribute significantly to 
freezing tolerance. Kazuoka et al. (1994) reported expression of a 85kDa 
protein associated with freezing tolerance in spinach. They demonstrated the 
abihty of the protein (COR85) to confer resistance to denaturation of lactate 
dehydrogenase during freezing and proposed several possible functions of 
COR85 in dehydrating cells associated with extracellular freezing. 
Expression of dehydrin and dehydrin-like proteins was once thought to 
only occur in response to desiccation stress. However, many researchers over 
the past decade have demonstrated the expression of dehydrins in response to 
low temperature stress in a wide variety of higher and even in lower plants 
(Close, 1997). Dehydrins share many similarities in sequence and in 
biochemical properties. Specifically, the original maize dehydrin (M3) 
described by Close et al. (1989) is a 167 amino acid peptide with a molecular 
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weight of 16,955 Da. It contains the dehydrin consensus sequence 
TGEKKGIMDKIKEKLPGH at the C-terminus as well as a serine tract at 
residue 77-83. 
It has been shown that extracellular ice formation during jfreezing induces 
a dehydrative stress on cells. It has also been established that expression of 
dehydrins is induced in maize seedlings subject to low temperature and 
desiccation stress (Close etai, 1989,1997). The main objective of this project 
was to determine if exposing immature seed to freezing temperatures induced 
the expression of dehydrin antibody recognized proteins (DARP's) in 
ungerminated embryos or ia three day old seedlings germinated from these 
seed. Specifically, we wanted to probe the genome of maize inbred parent 
B73x(H95xH99) for the sequence encoding the dehydrin consensus peptide to 
verify its presence and to determine copy number and we wanted to determine 
expression patterns of DARP's in ungerminated immature seed and in three day 
old seedlings using immunoblots. 
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Materials and Methods 
Plant material 
Hybrid seed B73 x (H99xH95) was grown at the Iowa State University, 
Ciirtiss Farm. Immature seed was harvested at 55%, 45% and 35% total 
moisture content (approximately 30, 33, and 36 days after pollination, 
respectively) as determined by oven drying at 105®C for 24h. Seed (intact ears 
with husks) was immediately taken to the lab and exposed to one of five frost-
simulating treatments. Treatments included Oh frost (control), 24h at 5 °C 
(acclimation only), 24h at 5 °C followed by 6h at -5 °C (acclimation-short 
frost), 6h at -5 °C (short frost), and 24h at -5 °C (extensive frost). All treatments 
were carried out in a Conviron programmable growth chamber in the dark. 
Upon completion of the respective frost scenarios, seed from each treatment 
were divided with half being flash-frozen in liquid nitrogen and stored at -70 °C 
for direct analysis and half placed in a thin layer drier at 35 °C, dried to storage 
moisture (12%) and placed in cold storage (10°C) prior to germination. Lots of 
50 seed were taken from each treatment and germinated in towels moistened 
with 30 ml of distilled water per towel. Towels were placed upright in a wire 
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grid and germinated in a growth chamber at 22®C mider a 12h photoperiod for 3 
days. 
Probe design 
A DNA probe analogous to the coding sequence for the dehydrin peptide 
consensus sequence was designed using codon specificity found in the original 
maize cDNA clone (Close et al, 1989). 
T G E K K G I M D K I K E  K L P G H Q  
5--ACC GGC GAG AAG AAA GGC ATT ATG GAC AAG ATC AAA GAG AAG CTG CCC GGA CAG CAC-S' 
The probe was synthesized on an automated synthesizer and dual purified 
using PAGE / HPLC (Integrated DNA Technologies, Inc., Coralville, lA). The 
probe was PGR amplified using a 3' oligomer. The antisense strand of the probe 
was chosen for its capacity to hybridize with genomic DNA and mRNA. Size 
and purity of PGR product was verified using PAGE and single strand DNA 
size standards. 
Probe labeling 
Approximately 3 fig of probe was dissolved in 15 pi TE (Tris-EDTA) 
and denatured by heating in a boiling water bath for lOmin followed by 
immediate transfer to ice water/ NaCl slurry. Probe was then labeled using 
hexanucleotide mediated random priming, a mixture of deoxynucleotide 
triphosphates containing DIG-labeled dUTP, and Klenow DNA pol)anerase. 
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The labeling reaction was carried out for 20h at 37°C and stopped by adding 2 
jil of 0.2M EDTA (pH 8.0). Probe was precipitated by adding 2.5 of 4M LiCl 
and 75 |il ice cold absolute ethanol followed by centrifugation at 20,000g for 
lOmin. The supernatant was decanted and the pellet was rinsed several times in 
80% ethanol and allowed to air dry. The pellet was then resuspended in 50 )j1 
TE. 
DNA extraction 
Maize genomic DNA was extracted from embryos by grinding in hquid 
nitrogen. Ground material was then incubated in extraction buffer containing 
20nmi Tris, 0.5M NaCl, pH 7.5 and 1% SDS in a water bath for 2h at 60°C then 
centrifiiged at 20,000g for lOmin. The supernatant was gently decanted into a 
clean tube, incubated with RNAase for 6h, and twice extracted with phenol: 
chloroform: isoamyl alcohol (25:24:1). DNA was precipitated from solution by 
adding two volumes ice cold absolute ethanol. Precipitate was carefiilly hfred 
from solution and placed into a clean tube, rinsed several times with 80% 
ethanol, and resuspended in TE buffer. 
Southern blot 
Genomic DNA was partially digested in two separate reactions (50 (ig 
DNA / reaction) using BairiEl and £'coRI. Restriction products were separated 
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on an agarose gel (0.9%) run for 17h at 15V. Following electrophoresis, the gel 
was soaked in denaturing solution containing 1.5M NaCl and 0.4M NaOH. 
DNA was blotted to a nylon membrane for 8h using capillary action and 2X 
SSC (sodium chloride / sodium citrate). DNA was baked onto the membrane by 
incubation in an oven at 120°C for 20nmi. Membranes were prehybridized in 50 
ml buffer containing 0.1% w/v laurylsarcosine, 0.02% w/v SDS, and 1% v/v 
blocking solution (from Dig DNA Labeling and Detection Kit, Boehringer 
Mannheim) at 43 °C for 2h followed by hybridization in the same buffer 
containing 25 ng/ml dig-labeled probe. Hybridization was carried out at 43 °C 
for 12h. Following hybridization, the membrane was washed twice in 2X SSC, 
0.1% SDS at room temperature and twice in O.IX SSC, 0.1% SDS at 
hybridization temperature. Subsequent to stringency washes, the membrane was 
equilibrated in maleic acid buffer (O.IM maleic acid, 0.15M NaCl, pH 7.5). 
Colormetric detection of DNA hybrids was achieved by incubation with anti-
DIG-alkaline phosphatase conjugate and subsequent reaction with NTB/BCEP. 
After sufficient color development, the membrane was rinsed in water, air 
dried, and photographed. 
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Protein extraction and quantification 
Seedlings were removed from the growth chamber after three days and 
separated from remaining seed remnants. Protein was extracted from seedlings 
and by grinding 10 seedlings from each treatment in ice cold extraction buffer 
containing 0.1 M sodium phosphate (pH 7.8), ImM EDTA, and ImM PMSF. 
Homogenate was centriftiged at 20,000g and the supernatant decanted into 
clean tubes which were immediately stored at -20®C. Protein was also extracted 
in the same manor from ungerminated seeds which had been flash-frozen 
immediately after respective freeze treatments. Total protein concentration of 
each sample was determined spectrophotometrically based on the method of 
Bradford (1976). 
SDS-PAGE 
SDS mini-gels were made to 4% and 12% acrylamide in the stacking and 
separating phases, respectively. Gels were allowed to polymerize overnight. 
Prior to electrophoresis, samples were thawed and vortexed. 5 fig total protein 
from each treatment and 5 pJ sample buffer (62.5mM Tris, pH 6.8, 20% v/v 
glycerol, 2% w/v SDS, 5% v/v p-mercaptoethanol, and 0.5% w/v bromophenol 
blue) was loaded into individual lanes. Additionally, 8 |il of Kaleidoscope 
protein molecular weight standards (Bio-Rad Laboratories, product # 161-0324) 
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was loaded into the first lane of each gel. Electrophoresis was carried out at 
60V for 5h. 
Immunoblotting 
Subsequent to electrophoresis, gels, electroblotting paper (Bio-Rad 
Laboratories, product # 170-3956), and nitrocellulose membranes (Bio-Rad 
Laboratories, product # 162-0113) were soaked in electroblotting buffer 
containing 25 mM Tris, 192 mM glycine, and 20% (v/v) methanol for 30min at 
room temperature. Electroblotting was conducted at 5°C for 5h at 15 V. 
Subsequent to electroblotting, membranes were rinsed briefly in IX TBS 
(50mM Tris, 150mM NaCl, pH 7.5) before incubation in 25 ml blocking 
solution containing 5% non-fat dry milk dissolved in IX TBS at room 
temperature. After 2h, 25 jil of polyclonal anti-dehydrin antiserum (kindly 
donated by Dr. Timothy J. Close, University of California, Riverside) was 
added giving a dilution of 1: 1000. Following 2h of incubation in primary 
antibody, membranes were washed 3 times for 5min (each wash) in IX TBST 
(TBS+ 1% v/v Tween 20), rinsed with IX TBS, and placed in secondary 
antibody solution containing horseradish peroxidase (HRP) conjugated, goat 
anti-rabbit antiserum diluted 1: 3000 in 50 ml IX TBS containing 5% non-fat 
dry milk. After 2h incubation in secondary antibody, membranes were washed 3 
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times for lOmin (each wash) in IX TEST and rinsed with IX TBS. Colormetric 
detection was carried out by incubation in solution containing 100 ml IX TBS, 
60^ 30% hydrogen peroxide, 65 mg 4-chloro-l-naphthol (Bio-Rad 
Laboratories, product # 170-6534) and 20 ml methanol. The reaction was 
stopped after approximately lOmin by rinsing membranes with distilled water. 
Membranes were then placed on a hght box and photographed. 
Protein sequencing and amino acid analysis 
SDS-PAGE and electroblotting were carried out as described previously. 
Each gel was run in duplicate with one of the gels being blotted to a 
nitrocellulose membrane and one blotted onto PVDF protein sequencing 
membrane (0.2 fim) (Bio-RadLaboratories, product# 162-0182). The 
nitrocellulose membrane was developed immunologically as previously 
described while the PVDF membrane was stained with Coomassie blue R-250. 
Membranes were overlaid with the protein standards directly overlapping. A 
narrow strip containing only the row of differentially expressed bands (56 kDa) 
corresponding to the immunologically detected bands on the nitrocellulose 
membrane was cut from the PVDF membrane. The strip was placed into a tube 
and submitted to the Iowa State University Protein Facility for sequencing and 
amino acid analysis. Sequencing was carried out utilizing a 494 Procise Protein 
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Sequencer / 140C Analyzer (Applied Biosystems, Inc.) by the Edman 
Degradation method. Amino acid analysis was preformed using the acid 
hydrolysis method and a 420A Derivatizer/120A Analyzer (Applied 
Biosystems, Inc.). 
Results 
Southern blot 
In the Southern blot analysis of the maize B73x(H99xH95) genome, the 
probe hybridized to a unique location for each digest. In the lane containing the 
BamEl digest (Figure 1-lane 1), the probe hybridized to a large restriction 
fragment while in the lane containing the EcdRX digest (Figure 1-lane 2), the 
probe hybridized to a much smaller fragment. 
Immunoblots 
The anti-dehydrin consensus sequence antibody detected a DARP of 
approximately 56 kDa present in the embryonic axis of ungerminated seeds. 
The amount of this protein did not change with exposure to freezing however, 
the detected amount of the protein appeared to increase as harvest moisture 
decreased from 55% to 45% to 35% (Figures 2A-C). Additionally, a second 
Figure 1. Southern blot analysis of genomic DNA from maize inbred parental 
line B73x(H99xH95). Digests were made with BarriKl (lane 1) and 
^coRl (lane 2). 
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DARP of approximately 50 kDa was detected only in seed harvested at 35% 
moisture which were not exposed to any freezing (Figure 2C-lanes 1 and 2). 
In three day old seedlings, the antibody detected differential expression 
of a DARP of approximately 56 kDa. Expression of the DARP was found only 
in seedlings germinated from seed exposed to freezing. Expression in seedlings 
germinated from seed harvested at 55% moisture was extremely low (Figure 
3A). Expression in seedlings germinated from seed harvested at 45% moisture 
was moderate in all freezing treatments (Figure 3B-lanes 3-5) while expression 
in seedlings germinated from seed harvested at 35% moisture was essentially 
limited to the 24h freeze treatment (Fig 3C-lanes 3-5). Additionally, another 
DARP of approximately 36 kDa was expressed in all seedlings. Expression of 
this protein appeared to be independent of freeze exposure, however detection 
was greater in seedlings germinated from seed harvested at 45% and 35% 
moisture than in seedlings germinated from seed harvested at 55% moisture 
(Figure 3A-C). 
Protein sequencing and amino acid content 
The results of the N-terminal sequencing of the first 10 residues of the 56 
kDa DARP indicated a high degree of sequence similarity between the DARP 
and the enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPD). It is 
believed that an error occurred in isolating the DARP on the PVDF membrane 
Figure 2. Immimoblot analysis of total protein extracted from immature maize 
seed. Seed were harvested at 55% (A), 45% (B), or 35% (C) and 
subject Oh frost (lane 2), 24h at 5 °C (lane 3), 24h at 5 ®C followed by 
6h at -5 °C (lane 4), 6h at -5 °C (lane 5), and 24h at -5 °C (lane 6). 
Protein molecular weight standards (lane 1) are (top to bottom) 78 
kDa, 45.7 kDa, and 32.5 kDa, respectively. 
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Figure 3. Immimoblot analysis of total protein extracted from three day old 
maize seedlings. Seedlings were germinated from seed harvested at 
55% (A), 45% (B), or 35% (C) moistm-e and subject Oh freezing (lane 
2), 24h at 5 °C (lane 3), 24h at 5 °C followed by 6h at -5 °C (lane 4), 
6h at -5 ®C (lane 5), and 24h at -5 °C (lane 6). Protein molecular 
weight standards (lane 1) are (top to bottom) 78 kDa, 45.7 kDa, and 
32.5 kDa, respectively. 
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and therefore, the sequence and amino acid analysis data may reflect multiple 
proteins. The data is presented in the appendix (Table Al). 
Discussion 
Dehydrins containing the consensus peptide sequence have been found in 
many plant species. It was therefore not surprising that the DNA probe 
containing the coding region for the consensus peptide sequence hybridized to 
B73 genomic DNA. The fact that the probe hybridized to a single unique 
restriction fragment for each digest suggests that the coding region for the 
consensus peptide sequence may exist as a single copy and that the gene 
containing the coding region may undergo differential transcription resulting in 
multiple protein products. 
The accumulation of dehydrins in maturing seeds has been confirmed in 
numerous species. It was therefore not surprising that a DARP was detected in 
seed harvested at all three moisture contents. Although there have been reports 
of changes in molecular mass of dehydrins during the progression of seed 
maturity in some species (Wechsberg et al, 1994), this was not observed in 
maturing maize B73 seed. The overall detected amount of the approximately 56 
kDa DARP did however increase with the ontogenous decrease in moisture 
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associated with seed maturity. Increased capacity of immature maize seed to 
accumulate dehydrin-like proteins with maturation has been demonstrated. 
Overall, the accumulation of the DARP was not affected by freeze exposure in 
ungerminated seed. This is consistent with reports that dehydrins are not 
affected by temperature stress. Additionally, the extent of accumulation of 
dehydrins alone are not considered to be indicative of seed viability (Bettey et 
ai, 1998). It was therefore surprising that a second DARP was detected only in 
seed harvested at 35% moisture which were not exposed to freezing. This raises 
several interesting possibilities. First, the second DARP may have been more 
temperature labile causing it to denature and was therefore not recognized 
subsequent to freezing. This seems unlikely in light of the overwhelming 
number of reports demonstrating the thermostability of dehydrins. A second 
possibility is that freezing induced some sort of conformational shift which 
rendered it unrecognizable to the consensus sequence antibody due to physical 
constraints. Conformational changes in dehydrin-like proteins involving the 
consensus sequence have been reported by Russouw et ai, (1995) in response 
to high ionic strengths which can occur as a consequence of freezing 
(Steponkus, 1984). Close (1996) proposed that dehydrins may have structure-
stabilizing properties in the nucleus and cytoplasm making them an important 
aspect of freezing tolerance in barley. If the second DARP was acting in a 
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cryoprotective manor, this would represent a freeze response mechanism unique 
to seeds which have reached a certain physiological maturity. Subsequently, 
less mature seeds may be more susceptible to freeze damage not only due to 
greater moisture contents but also to an inability of or failure to synthesize 
structure-stabilizing proteins. 
In 3 day old seedlings, two DARP's were recognized. The first DARP 
was roughly 36 kDa in mass and was expressed in a pattern similar to the 
approximately 56 kDa DARP found in ungerminated seeds in that its 
accumulation was not affected by freezing and accumulation was greatest in 
seedlings germinated from seed harvested at 35% moisture. Accumulation of 
this protein was lower in seedlings germinated from seed harvested at 45% 
moisture and extremely low in seedlings germinated from seed harvested at 
55% moisture. Changes in the size of the dehydrins during the course of seed 
development has been reported (Wechsberg et al., 1994) but not in post 
germination. The second DARP was an approximately 56 kDa peptide which 
may have been the same DARP found in all ungerminated seed. Interestingly, 
differential expression of the 56 kDa DARP with respect to freeze treatment 
occurred in three day old seedlings germinated from seed harvested at 35%, 
45%, and 55% harvest moisture. In seedlings germinated from seed harvested at 
35% moisture, the protein was only detected in seedlings germinated from seed 
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subject to 24h of freezing while in seedlings germinated from seed harvested at 
45% moisture, the protein was detected in seedlings germinated from seed 
exposed to any duration of freezing. In seedlings germinated from seed 
harvested at 55% moisture, the protein was not detected in any of the 
treatments. These results present several possibilities. First, it seems likely that 
although seed harvested at greater moisture content are more susceptible to 
freezing injury (Hartwigsen and Burris, in process) and freezing likely induces 
desiccation stress, seedlings germinated from seed harvested at 55% moisture 
are not capable of being re-induced to express DARP's. Second, seedlings 
germinated from seed harvested at 45% moisture are capable of expressing 
DARP's and expression was induced in ail freezing treatments. Finally, in 
seedlings germinated from seed harvested at 35% moisture, 6h of freezing was 
not sufficient to induce expression therefore, expression of the 56 kDa protein 
was only detected in those seedlings germinated from seed exposed to 24h of 
freezing. The amount of expression of the 56 kDa DARP in seedlings 
germinated from seed harvested at 45% and 35% moisture are consistent with 
reductions in seed viability found in association with freezing treatments at each 
of the three levels of seed maturity (Hartwigsen and Burris, in process). These 
findings are also consistent with those of (Baker et al, 1995) who reported that 
dehydrins were no longer detectable after germination but expression could be 
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re-induced in seedlings by desiccation stress. Finally, it appears that seedlings 
germinated from very immature seed have a distinct disadvantage in that they 
are not capable of expressing dehydrin-like proteins. This could be detrimental 
to the health of the seedling in a number of environmentally stressful conditions 
including low temperature, desiccation, and salinity. 
Conclusions 
In light of our results discussed above, we propose the following 
regarding the expression of DARP's in ungerminated maize seed and in three 
day old seedlings. When maize seed which have been subjected to freezing are 
germinated, three day old seedlings show different patterns of expression of 
DARP's with respect to maturity of seed and freezing duration. Seedlings 
germinated from seed harvested at 55% moisture are not capable of expressing 
DARP's while seedlings germinated from seed harvested at 45% and 35% 
moisture express DARP's in a manor indicative of the amount of freeze 
damaged incurred by the embryo prior to germination. 
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CHAPTER 5. SUMMARY 
Concluding Remarks 
In the preceding experiments we have demonstrated some of the direct and 
indirect effects of freezing injury in maize parent line B73. A summary of 
possible cause/effect scenarios is presented in figure 1. Overall, the extent of 
freezing injury and subsequent changes in gene expression was influenced 
significantly by two experimental parameters. First, the physiological maturity 
of the seed at time of freeze exposure was an important determinant of extent of 
injury. Increases in electrical conductivity, reductions in germination and 
subsequent changes in gene expression were greatest in less mature seed. 
Another factor influencing the extent of freezing injury was duration of freeze 
exposure. Although large changes in catalase and dehydrin expression due to 
duration were not detected, duration had a significant effect on germination 
percent and electrical conductivity in less mature seed. 
This study investigated the effects of freezing on one line of maize under 
a specific set of conditions. There are likely many differences in responses to 
freezing among different maize genotypes. Further research in the area of 
freeze-induced changes in maize seed are certainly warranted due to their 
potential economic importance to the seed industry. 
Freezing 
Injury 
Increased 
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Figure 1. Summary of Possible Effects of Freezing Injury in Maize Seed 
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APPENDIX 
Figure Al. Peridennal sections (Ifim) of maize embryos harvested at 45% 
moisture and exposed to -5°C for Oh (A), 6h (B), or 24h (C-D). 
Arrows indicate an area of plasmolysis which increased with 
increasing freeze duration. 
113 
Figure 2A. Peridermal sections (l^m) of maize embryos harvested at 45% 
moisture and exposed to -5°C for Oh (A) or 24h (B). Arrows 
indicate an area of plasmolysis which increased with increasing 
freeze duration. 
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Figure A3. Transverse sections (l^ini) of maize embryos harvested at 45% 
moisture and exposed to -5°C for Oh (A,C,E) or 24h (B,D,F). 
Arrows indicate an area of plasmolysis which increased with 
increasing freeze duration. 
Si 
Figure A4. Peridermal sections (Ifim) through the radicle of maize embryos 
harvested at 45% moisture and exposed to -5°C for Oh (A) or 
24h (B). Arrows indicate large extracellular spaces possibly 
resulting from the formation of ice crystals. 
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Figure A5. Peridermal sections (Ifim) through the radicle of maize embryos 
harvested at 45% moisture and exposed to -5°C for Oh (A,C) or 
24h (B,D). Arrows indicate large extracellular spaces possibly 
resulting from the formation of ice crystals. 
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Figure A6. SEM images of maize radicles exposed to -5°C for Oh (A) or 
24h (B). Arrows indicate intact plasma membrane / cell wall 
connection (A) or severed plasma membrane / cell wall connection 
(B). TEM images of maize radicles exposed to -5®C for Oh (C) or 
24h (D). Arrows indicate intact plasma membrane (C) or severed 
plasmodesmata (D). 
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Table Al. Sequence and composition of amino acid 
residues in a 56 kDa peptide recognized by a 
polyclonal antibody directed against the dehydrin 
consensus sequence as determined by N-terminal 
sequencing and acid hydrolysate compositional 
analysis. Amino acids listed in order of abundance 
at each position. 
Residue 56 kPa Peptide 
1 D, Y 
2 K,P 
3 I 
4 K 
5 I 
6 G 
7 I 
8 N 
9 G 
10 F 
Amino Acid 
Residue 
Relative Abundance 
(Mol %) 
Gly 14.86 
Asp 14.61 
Ala 11.09 
Ser 8.61 
Arg 7.75 
Val 7.00 
Lys 6.73 
Leu 6.63 
Thr 5.79 
Pro 3.95 
Phe 3.44 
He 3.30 
Tyr 2.37 
ffis 2.32 
Met 1.54 
Cys ND 
Trp ND 
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